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論 文 内 容 要 旨          
Recently lots of research groups and companies are focusing on the commercialization of the embedded MRAM, and for the 
successful commercialization of embedded MRAM, the MTJs cell size should be minimized to obtain the low power consumption 
and the enough read/write margin. Therefore, it is the most critical technological issue to remove patterning damages regarding the 
patterning process at the embedded MRAM. In this study, we have studied about the damage recovery by using the novel 
post-treatment process to remove patterning damages. 
Firstly, in the chapter 2, we have studied about the degradation mechanism of i-PMA MTJs by several etching gases and 
treatments to recognize what kind of patterning damages and reactions are generated at the patterned MTJs after etching process. We 
study about electric and magnetic changes by hydrogen and nitrogen plasma ions with two types of treatment conditions, which are 
the with-bias condition with activating applied plasma ions, and the without-bias condition with extremely suppressed activating 
energy on plasma ions. As a result, MTJs are degraded by the hydrogen treatment at both with- and without-bias conditions, while 
there in no degradation on MTJs by nitrogen plasma ions regardless of treatment conditions. Especially, at the with-bias conditions, 
the magnetoresistance (MR) is decreased from 103% to 12.5% and the resistance (R) is increased from 6.4KΩ to 29.2KΩ compared 
to MTJs etched by the reactive ion etching (RIE) only process. It is because hydrogen ions react with MTJs materials such as CoFeB 
or MgO in the damage-less, and degrade crystal structures and electric/magnetic properties of patterned MTJs. However, 
unexpectedly, at the without-bias conditions, the MR is also decreased from 103% to 85.6% and the R is increased 6.4KΩ to 7.3KΩ. 
This is because that the generated damaged layer by hydrogen treatment at without-bias condition interfere the current flow of electron 
through the MTJs in damage-less area, and degrade electric and magnetic properties of the whole patterned MTJs, slightly. In addition 
to studies about degradation mechanism, the assumption and the prediction about electric and magnetic properties of damaged layers 
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have been performed. Firstly, by using the assumed electric and magnetic properties of damaged layer, the MR and R trends of the 
patterned MTJs including the damaged layer are calculated. And then, we co-relate this calculated MR and R trends with 
experimental results to verify our assumptions. As a result of a calculation and a co-relation, it is recognized that the MR and R trends 
at the without-bias conditions are co-related with experimental results very well. This result shows that there is mis-asssumption 
regarding the MR and R trends of MTJs arrays treated by hydrogen plasma ions at the without-bias conditions. Consequently, by 
hydrogen plasma ions at the without-bias condition, MTJs are degraded by interference of damaged layers to the current flow of the 
whole patterned MTJs. On the other hand, by hydrogen treatments at the with-bias condition, experimental MR and R trends are not 
co-related with the calculated result. This result shows that there is additional degradation on the patterned MTJs by hydrogen 
treatment at the with-bias condition, and it is because that hydrogen ions have very high activating energy by applied bias power and 
react with MTJs materials in damage-less area, very easily. By all of studies, it is recognized that not only hydrogen plasma ions with 
high activating energy, but hydrogen with extremely suppressed activating energy and reactivity also affect MTJs degradations. 
Secondly, from the chapter 3 to chapter 5, the damage recovery and the electric/magnetic improvements by the OSP process 
have been studied at both RIE and IBE scheme. By MTJs etching process, the damaged layer is generated at the edge side of 
patterned MTJs and it is composed of un-stoichiometric materials which have very low binding energy and enthalpy of formation. In 
this study, by using oxygen plasma ions which have extremely suppressed activating energy, we oxidized damaged layer selectively 
without additional oxidation of MTJs in damage-less area. As a result, the MR of the patterned MTJs by the OSP process is increased 
more than 20% compared to MTJs etched by the RIE or the IBE only process. Not only the MR, but the sigma distribution and the 
switching efficiency are also improved by the OSP process at both RIE and IBE process. Consequently, we could obtain the robust 
post-treatment process to be used at the embedded MRAM with sub-20nm sized MTJs arrays, not only etched by the RIE scheme, 
but also etched by the IBE process.  
In the chapter 6, the engineering margin and the best condition of the OSP process is studied. By using the design of experiment 
(DOE) method, we evaluate the effectiveness of several treatment factors at the OSP process, which are the pressure flow time and 
temperature. By this study, it is recognized that the MR is increased and the R is decreased at the high pressure and the low flow time 
and temperature. In addition, by the effects plot of the DOE method, it is also recognized that the oxygen flow time is the most 
effective factor to affect the MR and R changes. With these results, the oxygen flowing time is subdivided from 0sec to 200sec to 
study about the engineering margin of the OSP process and also obtain the most optimal MTJs properties. As a result, the MR by the 
OSP process from 15sec to 45sec of the oxygen flow time is increased gradually at the same resistance level. Moreover, the best MR 
is obtained at the specific OSP condition, which are 5Pa of treatment pressure, 27℃ of flowing temperature and 45sec of flowing 
time. With all of studies, it is verified that the OSP process have enough engineering margin which is from 15sec to 45sec regarding 
the oxygen flow time. Moreover, it is recognized that the OSP can be used at any etched conditions of MTJs by optimizing the 
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treatment conditions. Finally, we study about the improvement of the switching efficiency of the patterned MTJs by the OSP process. 
By the OSP process, electric damages at the damaged layer are recovered almost perfectly. However, magnetically, damages are not 
recovered effectively, and the electron spin direction in the damaged layer is not perpendicular, but it is pseudo in-plane. However, this 
pseudo in-plane spin may pay a role as the catalyst to reduce the switching current of the patterned MTJs by accelerating the 
magnetization of damage-less area with its rotating field. In order to confirm this assumption, we measured the switching current and 
thermal stabilities of MTJs arrays by the OSP process and compared with those by the RIE or the IBE process. As a result, by the OSP 
process, the switching current of the 25nm patterned MTJs is reduced from 40uA to 27uA compared to the MTJs etched by the RIE 
or the IBE only process, without any degradation of the thermal stability. Consequently, the switching efficiency of the patterned 
MTJs by the OSP process is increased from 1.4 to 1.7 compared to the MTJs by the RIE or the IBE only process.  
From all, it is recognized that MTJs are degraded not only by the RIE process by reaction of hydrogen with MTJs materials, but 
also degraded by the IBE process by re-depositions of metallic by-products at the edge side of patterned MTJs. In order to recover 
patterning damages generated by both RIE and IBE processes, we proposed the novel post-treatment process which is called the OSP 
process to oxidize damaged layers selectively by using oxygen plasma ions with extremely suppressed activating energy and the 
reactivity. By the OSP, electric and magnetic properties of patterned MTJs are recovered and even improved at both RIE and the IBE 
scheme. We also confirmed that the OSP process has an enough engineering margin to be used at any etching conditions. Finally, it is 
also recognized that the MTJs size can be reduced by using the OSP with same electric and magnetic properties. By comparison of 
electric and magnetic properties of MTJs etched by the RIE and RIE+OSP process, it is recognized that electric and magnetic 
properties of the 25nm sized MTJs by the OSP process are much better than those of the 35nm sized MTJs by the RIE only process, 
except the thermal stability. But thermal stability of the 25nm sized MTJs by the OSP is not too small compared to the 35nm sized 
MTJs by the RIE only process. It is because the MTJs have enough anisotropic value to keep the thermal stability to 25nm sized MTJs. 
By all of these results, it is verified that the OSP can be the universal post-treatment process to recover patterning damages effectively, 
even beyond 20nm design rule to use both reactive ion etching and IBE schemes. 
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